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CAD when no structural abnormalities coexist and no history of prior myocardial infarction. 2, 3 Stress echocardiography may reveal regional wall-motion abnormalities hidden at rest, but the visual interpretation is highly dependent on expertise leading to poor inter-observer agreement, and the test lacks sufficient sensitivity to rule out ischemia. [4] [5] [6] Longitudinal myocardial fibers are located in the subendocardial and subepicardial regions, 7 with the sub-endocardial region being most vulnerable to ischemia, and previous studies point out longitudinal motion and deformation analysis either by tissue Doppler imaging (TDI) [8] [9] [10] or two-dimensional speckle tracking echocardiography (2DSTE) 4, 6, [11] [12] [13] [14] as the most objective and sensitive marker of CAD.
However, problems with regional TDI velocities being influenced by tethering effects from adjacent myocardial regions and heart movement 15 facilitate implementation of 2DSTE in the conventional echocardiographic protocol for diagnosis of CAD. In addition, 2DSTE has the advantage of a semiautomated postprocessing strain analysis from grayscale images. 10 The invasive nature of coronary angiography (CAG) and problems with a low rate of significant CAD in patients referred to CAG could benefit from an improved strategy and more effective risk stratification in the expanding sector of noninvasive pretesting. 16 Single photon emission computed tomography (SPECT) is together with conventional echocardiography the widely used cardiac imaging techniques in routine clinical practice, probably due to their ready availability. 17 To improve the clinical outcome of patients with CAD it would be appealing if the promising 2DSTE could improve the diagnostic accuracy of conventional cardiac imaging and contribute to further pathophysiological understanding of CAD. However, it is unknown if reversible ischemia assessed by SPECT reduces longitudinal myocardial strain even at rest. Therefore, the aim of this study was to determine whether layerspecific global longitudinal strain (GLS) is affected at rest in patients with reversible ischemia assessed by SPECT.
| METHODS
| Study population
Herlev and Gentofte Hospital, a tertiary high-volume referral center, has consecutively registered data from each coronary artery catheterization and any related SPECT examination in a central database since 1999. Furthermore, the database includes medical history and clinical information regarding comorbidity and risk profile. All echocardiographic examinations have been digitally stored since 2005 and were all performed by dedicated sonographers according to a local standardized protocol.
This retrospective study included patients with suspected stable angina pectoris (SAP), who were examined by conventional resting echocardiography and SPECT prior to any coronary intervention.
Angina pectoris was defined as chest pain with ischemia as suspected cause. The patient group also met the following inclusion criteria: (1) left ventricular ejection fraction (LVEF) ≥50%, (2) color tissue Doppler echocardiography performed, and (3) sufficient image quality for layer-specific 2DSTE. Patients with prior myocardial infarction, prior revascularization, congestive heart failure, pacemaker, arrhythmias, and valvular heart disease were excluded. Eighty patients fulfilled the above-stated criteria of 2641 patients screened ( Figure 1 ). The same population has previously been used for studying the usability of TDI in patients with reversible ischemia. 9 The control group consisted of 40 patients with a normal SPECT matched to cases on age and gender, and the study group (positive SPECT, n = 40) were divided into patients with (true-positive SPECT, n = 28)
or without (false-positive SPECT, n = 12) significant stenosis assessed by CAG. Five controls had a normal CAG. The remaining controls were not examined by CAG because their SPECT was normal.
| Conventional echocardiography and tissue Doppler imaging
Echocardiographic images were obtained using Vivid 7 Dimension (GE Healthcare, Horton, Norway) with a 3.5 MHz transducer. All subjects were examined using conventional two-dimensional echocardiography with the investigator blinded to the results from SPECT, CAG, and clinical information.
Wall thicknesses and dimensions of the left ventricle (LV) were measured from 2D images at the level of the mitral valve tips from the parasternal long-axis view. Mitral inflow was recorded between the tips of the mitral leaflets using pulsed-wave Doppler at the apical position. Peak transmitral of early (E) and late (A) diastolic inflow velocity and deceleration time (DT) of the E-wave were measured, and the E/A ratio was calculated. Color TDI loops were obtained in the apical fourchamber, two-chamber, and apical long-axis view at the highest possible frame rate. Smoothing was set to 30 milliseconds. Peak longitudinal early diastolic (eʹ) velocity was measured at the 6 mitral annular sites, including septal, lateral, anterior, anteroseptal, inferior, and posterior segments. The E/eʹ ratio was calculated using average eʹ measured by color TDI. LVEF was determined using the modified biplane Simpson method. 
| Single photon emission computed tomography
Myocardial perfusion imaging by SPECT was performed at rest and during stress using technetium 99 m-radiolabeled perfusion agents. 
| Coronary angiography
CAG was performed by the percutaneous femoral approach.
Coronary angiograms were obtained in ≥2 projections, and stenoses with ≥70% reduction in the arterial lumen area were considered significant. 8, 13 The analysis of the coronary angiograms was performed visually by an experienced operator blinded to all other imaging results.
| Reproducibility
Intra-and inter-observer variability were tested in 20 patients by
Bland-Altman analysis deriving the absolute bias including 95% limits of agreement and by coefficients of variation (CV) of repeated analyzes. Furthermore, intra-class correlation coefficient was calculated for each of the three GLS measures. For intra-observer variability, the same investigator reanalyzed echocardiographic images with repeated measurements of 20 patients at two different time points. For inter-observer reproducibility, the same echocardiographic images, from the same cardiac cycles, were analyzed by another experienced investigator blinded to all other results.
| Statistical analysis
Comparison between groups was performed using Student's t test The difference in AUC from ROC curves was tested using nested logistic regression models. Multivariable logistic regressions were used to adjust for baseline characteristics (age, gender, hypertension, diabetes, and body mass index (BMI)) and conventional echocardiography (E/A and E/eʹ) in Table 2 . Multiple linear regression models were built, and reversible ischemia or significant stenosis in LAD, RCA, or CX were tested as independent predictors of RLS in each of the 18 segments ( Figure 5 ). In all cases, a P-value ≤.05 was considered statistically significant. All analyzes were performed with STATA Statistics/ Data analysis, SE 12.0 (StataCorp, College Station, TX, USA).
| Ethics
The study was approved by the Danish Data Protection Agency, journal number 2007-41-1667, originally for studying TDI in patients with reversible ischemia. 
| Baseline characteristics
Of the 80 patients enrolled in this study, 40 had a normal SPECT (controls) and 40 had reversible ischemia assessed by SPECT, including 28 with significant stenosis (true-positive SPECT) and 12 without (falsepositive SPECT). Table 1 presents clinical and echocardiographic baseline characteristics on all patients included in the study. Notably, no differences were observed with regards to age, diabetes, BMI, LVEF, or dimensions of the LV in any of the groups compared with controls.
The prevalence of hypertension in patients with a true-positive SPECT and the prevalence of female gender in patients with a false-negative SPECT were both significantly higher compared with controls.
No difference regarding conventional echocardiographic parameters was found, apart from a significantly increased A (P = .035) and a reduced E/A ratio (P = .034) in patients with a true-positive SPECT, along with an increased E/eʹ ratio in both patients with a positive SPECT (P = .018) and a true-positive SPECT (P = .003). However, when adjusted for baseline characteristics and echocardiographic parameters no significant difference could be demonstrated neither for A nor the E/A ratio (P = .81). E/eʹ was the only conventional echocardiographic parameter to remain significant after multivariable adjustment, however, only in patients with a true-positive SPECT (P = .044).
GLS values measured for the endo-and epicardial layers as well as
for the mid-myocardial layer were all significantly impaired in patients with reversible ischemia (positive SPECT). Furthermore, these impairments of layer-specific GLS and mid-myocardial GLS were found to be even more evident in patients with a true-positive SPECT, whereas no significant differences were found in patients with a false-positive SPECT (Table 1 ). The absolute difference between endocardial and epicardial GLS were lower in patients with a positive SPECT than in controls and even lower in patients with a true-positive SPECT.
Notably, after multivariable adjustment including baseline characteristics (age, gender, hypertension, diabetes, and BMI), conventional echocardiography (E/A and E/eʹ), and GLS parameters, epicardial GLS (OR 1.36, 95% CI 1.03-1.79, P = .030), mid-myocardial GLS (OR 1.28, 95% CI 1.01-1.62, P = .042), and E/eʹ (P < .05) were the only echocardiographic parameters to remain independently associated with the presence of CAD in patients with a true-positive SPECT (Table 2 ).
| Diagnostic performance of layer-specific global longitudinal strain
The ROC curves ( 
| Disease severity, segmental disease, and regional longitudinal strain
Layer-specific GLS, including mid-myocardial GLS, and the severity of reversible ischemia followed a significant trend from no affected LVld, cm 4.5 ± 0.6 4.6 ± 0. T A B L E 1 Baseline characteristics for controls, all patients with reversible ischemia (positive SPECT), patients with reversible ischemia and significant stenosis (true-positive SPECT), and patients with reversible ischemia and no significant stenosis (false-positive SPECT)
major coronary arteries to multivessel ischemia in terms of a progressively impaired GLS (Table 3) . GLS and the severity of significant stenosis failed to show the same significant trend (Table 3) . Analysis of regional longitudinal strain (RLS) and either reversible ischemia or significant stenosis in the LAD, RCA, and CX, from multiple linear regression models, are showed in Figure 5 . Significant association between all three RLS measures and stenosis was seen mainly in the lateral myocardial region ( Figure 5B ). All three RLS measures and reversible ischemia showed significant association in several regions ( Figure 5A ).
| Reproducibility of two-dimensional strain echocardiography
Bland-Altman plots of intra-observer and inter-observer variability of 2DSTE are shown in Figure 6 . The intra-observer Bland-Altman analysis showed a bias of (mean ± SD difference) 0.473 ± 1.45 and a CV of 6.6% for endocardial GLS, bias of 0.420 ± 1.07 and CV of 6.5% for epicardial GLS, and bias 0.447 ± 1.21 and CV of 6.4% for mid-myocardial GLS ( Figure 6A ). The inter-observer Bland-Altman analysis showed a bias of (mean ± SD difference) −0.965 ± 2.36 and CV of 11.1% for endocardial GLS, bias of −0.815 ± 1.64 and CV of 10.3% for epicardial GLS, and bias of −0.887 ± 1.92 and CV of 10.5% for mid-myocardial GLS ( Figure 6B ). 95% limits of agreement are displayed visually for all reproducibility analysis assessed in Figure 6 . Intra-class correlation coefficients for endocardial, epicardial, and mid-myocardial GLS were 0.801, 0.777, and 0.796, respectively.
| DISCUSSION
The present study demonstrates that in patients with SAP and pre- Data are expressed as odds ratio (OR) including 95% CI. GLS = global longitudinal strain; BMI = body mass index; E = peak transmitral early diastolic inflow velocity; A = peak transmitral late diastolic inflow velocity; eʹ = average peak early diastolic longitudinal mitral annular velocity. Continuous data are expressed as mean ± SD, and categorical data are presented as frequency (percentage). CAD = coronary artery disease; GLS = global longitudinal strain; CAG = coronary angiography.
T A B L E 2
F I G U R E 5
Association between RLS and regional disease as assessed by SPECT (A) and coronary angiography (B). To illustrate the association between RLS and regional disease, multiple linear regression models were constructed and both reversible ischemia (n = 40) and significant stenosis (n = 28) in the LAD, RCA, and CX were tested as independent predictors of RLS in each of the 18 segments. RLS significantly lower in segments supplied by diseased coronary arteries compared with nondiseased arteries were colored red, green, or blue. A P-value ≤ .05 was considered statistically significant. RLS = regional longitudinal strain; LAD = left anterior descending; RCA = right coronary artery; CX = left circumflex coronary artery; ANT = anterior; ANT SEPT = anterior septal; SEPT = septal; INF = inferior; POST = posterior; LAT = lateral from reversible ischemia assessed by SPECT and significant stenosis assessed by CAG had significantly reduced longitudinal strain values.
This pattern remained significant for epicardial and mid-myocardial GLS after adjusting for baseline characteristics and echocardiographic parameters ( Table 2 ). The fact that the absolute difference between endocardial and epicardial GLS were lower in patients with a positive SPECT than in controls, and that endocardial GLS had a higher reduction from controls to patients with a positive SPECT than epicardial and mid-myocardial GLS, could represent a decreased function of the longitudinal fibers in the endocardial layer and reflects the pathophysiological characteristics of myocardial ischemia.
Whether patients with a positive SPECT, but nonsignificant stenosis on CAG (equivalent to coronary microvascular disease), are suffering from treatment-requiring-CAD is not yet fully clarified. Several studies have shown a good prognosis in these patients together with the absence of wall-motion abnormalities during stress echocardiography and question the existence of myocardial ischemia. [19] [20] [21] [22] A significant proportion of patients with a false-positive SPECT in our study were females. The significant gender difference including a higher degree of microvascular disease in women and a larger burden of significant CAD among men is in line with previous investigations. 23 Increasing evidence suggest that these women are at elevated risk of cardiovascular disease 24, 25 and therefore challenge the presumption of a benign prognosis from nonsignificant CAD. Regardless, our results suggest that longitudinal 2DSTE, both layer-specific and mid-myocardial, may improve the diagnostic accuracy of a positive SPECT in identifying patients with significant CAD, thereby facilitating the decision on mechanical versus medical treatment after a SPECT examination.
As CAD usually cause heterogeneous abnormalities in myocardial function from regional ischemia, the correlation between RLS and regional disease have been studied ( Figure 5 ). Significant association between all three RLS measures and stenosis was found in the lateral myocardial region mimicking the anatomic perfusion area of CX and for epicardial RLS in the inferior region (RCA territory) ( Figure 5B ). 26 No association between RLS and reversible ischemia in the LAD, RCA, or CX territories was found ( Figure 5A ). This comprehensive analysis is probably limited by the limited number of patients and therefore failed to show a widespread segmental pattern of RLS mimicking the anatomic perfusion areas. Furthermore, the assessment of RLS in accordance with a specific vascular territory could have been affected by variability in coronary anatomy and microvascular communications between territories as most patients had multivessel CAD. GLS seemed to avoid this disadvantage in the present study. Similar analysis has been performed and validated in a previous study of 2DSTE performed by our group. 13 In addition, GLS and the number of major coronary arteries with either perfusion defects or significant stenosis revealed a significant trend in terms of perfusion defects assessed by SPECT but failed to show any association in terms of significant stenosis assessed by CAG (Table 3 ). The limited number of patients in each subgroup and the fact that only patients with a positive SPECT were included may have compromised the CAG analysis.
We previously demonstrated color TDI as sensitive markers of longitudinal dysfunction caused by CAD, 8, 9 and that these TDI velocities can improve the diagnostics of CAD in patients suspected of SAP. 8 However, the increased reproducibility of 2DSTE from a fast semiautomated offline analysis, even by novice readers, facilitates its applicability compared to TDI-derived strain.
5,10,27
2DSTE has proven to be a sensitive tool for a wide array of heart diseases, as wall-motion abnormalities may be due to other conditions than CAD, such as arterial hypertension, diabetes, heart valve disease, and interventricular conduction disturbances among others.
28,29
To avoid confounding from coexistence of these conditions, patients with intraventricular conduction disturbances and heart valve disease among other conditions were excluded (Figure 1) , and adjusted analyzes were performed for significant confounders. The importance of classifying patients based on risk factors, such as diabetes or hypertension, to perform independent analyzes of impaired GLS has been pointed out 29 and may further improve the specificity and diagnostic power of 2DSTE in clinical settings.
Recently, several studies have proven the ability of 2DSTE to detect CAD and impaired cardiac function solely from a resting echocardiographic examination. 4, 6, 11, 12, [29] [30] [31] This is in line with previous findings, 32 demonstrating how recurrent ischemia and cumulative stunning can lead to chronic LV dysfunction. To our knowledge, this is the first study to investigate if reversible ischemia detected by SPECT affects layer-specific GLS at rest. As the LV myocardium is nonhomogenous and composed of two layers of longitudinal fibers, 7 it would be appealing if a layer-specific evaluation of longitudinal deformation at rest could provide additional information on the diagnosis of CAD in patients referred with SAP. Mid-myocardial GLS was shown to be an equally good predictor of CAD in patients with reversible ischemia as layer-specific GLS in terms of AUC's ( Figure 3 ) and was significantly impaired in patients with a true-positive SPECT (Table 1 ). In the present study, layer-specific GLS showed a decreasing gradient from the endocardium to the epicardium in both controls and patients with a positive SPECT, in agreement with previous studies. [33] [34] [35] [36] Endocardial GLS failed to stay independently associated with the presence of CAD after multivariable adjustment in contrast to epicardial and mid-myocardial GLS (Table 2 ), although the difference between GLS parameters lacked significance in terms of AUC's ( Figure 3 ). The notable finding is in contrast to previous studies [34] [35] [36] and requires further investigation; however, our population of patients with suspected SAP (not suspected acute coronary syndrome or hypertension) differs significantly from the previous studies, [34] [35] [36] which might explain the different results, or it could simply be due to the better reproducibility ( Figure 6 ) and superior tracking of the epicardial layer as compared to the endocardial layer. A still-unpublished independent study of layer-specific GLS including 285 patients prospectively enrolled with suspected SAP, preserved LVEF, and no previous cardiac history performed by our group showed that epicardial and mid-myocardial GLS appeared superior to endocardial GLS for diagnosing CAD, indicating that the notable finding in the present study was not caused by limitations related to this study (abstr. ACC.17). In addition, GLS parameters obtained at rest improved the diagnostic power of significant baseline characteristics (gender and hypertension) and was superior to other echocardiographic parameters (Figure 4 ).
| Limitations
The majority of patients in the control group did not undergo a CAG, and the possibility of controls having an angiographically significant stenosis despite a normal SPECT cannot be excluded. However, despite the possible impact this may have on myocardial function among the controls, patients with a positive SPECT still had significantly lower GLS in all myocardial layers compared with controls, and the probability of false-negative patients among the controls, would increase the significance of our results. All analysis of CAG was performed visually by an experienced operator, and quantitative analyzes were not performed.
All SPECT data were collected retrospectively from a database with information only on the location of perfusion defects (either LAD, CX, or RCA) and the spatial extent of ischemia. Unfortunately, it was not possible to extract raw SPECT data from the database, why a more thorough analysis of the previous SPECT examinations and a further explanation of the 12 false-positive SPECT results was not possible. The eʹ and E/ eʹ measures were assessed by color TDI and not pulsed-wave TDI.
Therefore, it must be taken into account that eʹ obtained by color TDI is lower, and thereby E/eʹ higher, 37 when compared to pulsed-wave TDI as stated in previous papers. 38, 39 Wall motion score index (WMSI) was not included as part of the conventional echocardiographic analysis, and an abnormal WMSI could potentially coexist with a normal LVEF.
Because of the retrospective nature of this study, selection bias may have occurred. Only patients referred to SPECT with a preserved LVEF and no history of heart disease were included. Hence the 80 patients included in this study may have had a relatively low-risk of CAD.
The regression models could potentially be unstable by overfitting due to the limited number of patients with a true-positive SPECT. Yet, this approach is acceptable as the main purpose is to control for confounders rather than build prediction models. 40 Furthermore, the limited number of included patients makes the results presented hypothesis generating rather than conclusive, and further studies are needed to test the hypothesis displayed in the present paper. Despite these limitations,
we were able to demonstrate layer-specific GLS as independent predictors of CAD in patients with reversible ischemia assessed by SPECT, which we consider likely to be even more evident in a larger population. Studies to prospectively evaluate a large number of unselected consecutive patients are necessary to determine whether layer-specific 2DSTE is superior in diagnosis of patients with suspected CAD.
| CONCLUSION
In patients with suspected SAP, no history of heart disease, and preserved LVEF, endocardial, epicardial, and mid-myocardial GLS assessed by 2DSTE at rest identifies patients with reversible ischemia assessed by SPECT. This seems to be evident only in patients with a true-positive SPECT suggesting that in patients suffering from SAP, the diagnostic value of a positive SPECT may be increased by both layer-specific and mid-myocardial GLS.
| Clinical Implications
Adding a 2DSTE analysis to the conventional echocardiographic protocol is easily performed and requires little additional time to 
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